and the 1700-m subsidence observed at the Puysegur ridge. We speculate that reactivating underthrust fracture zones can facilitate strike slip faults development within the upper plate in, Fracture zone subduction and reactivation across the Puysegur ridgehrench system, southern New Zealand
Introduction
Oceanic fracture zones are areas of mechanical discontinuity in the lithosphere that can be tectonically reactivated when subjected to horizontal and vertical stresses. Fracture zones that are involved in subduction zones may therefore have a considerable influence on the topographic and structural development of the trench and forearc regions of convergent margins. This fracture zone influence depends upon a number of parameters, including the age of the lithosphere either side of the fracture zone, the topographic variation across the fracture zone, and the fracture zone length and orientation with respect to the trench.
Fracture zones that trend suborthogonally to the trench and are subducted at a large angle to the trench tend to be relatively common. For example, as shown by Moore and Sender [ 19951, the subducted Panama fracture zone disrupts the accretionary prism in a major way. Cande et al. [1987] proposed that the Taitao fracture zone of southern Chile i s reactivated as a tear fault and thus has the potential of Copyright 1998 by the American Geophysical Union.
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0148-0227/98/98JB-00025$09.00 1 disrupting the continental margin as i t -is 'subducted7 The---e development of the Mexican Colima rift and the Manzanillo trough on the upper North American plate coincides spatially with the presence of the subducted Riviera fracture zone. This fracture zone was reactivated as a tear fault by the divergent movement of the Riviera and Cocos plates [Stock and Lee, 1994; Bandy et al., 19951 . Subduction of the Mendocino fracture zone has significantly altered the topography of the North America plate margin. This process is responsible for a differential elevation (500-1000 m high) of the overriding plate either side of the fracture zone trace [Glazner arid Schubert, 19851. In contrast, fracture zones that trend "subparallel t o trenches are less well studied, and so their effects o n convergent margins are poorly understood. South of New Zealand, the oceanic crust that straddles the Macquarie Ridge Complex along the Pacific/Australia convergent plate boundary contains a number of fracture zones that trend subparallel to the plate boundary ( Figure 1 ). These fracture zones are recognized from satellite gravity anomalies [Sutherland, 19951 and De Mets et al. [1994] . Bathymetric contour interval is 500 m. The frame shows location of Figures. 2 and 5.
Note the Cenozoic fracture zones on both the Pacific and Indo-Australian plates that asymptotically approach the MRC. ' [1994] used gravity and topographic profiles to show that fracture zones adjacent to the Macquarie ridge have strongly affected the morphology of the ridge. Along the Fiordland margin of New Zealand, the plate boundary is an oblique, eastward dipping subduction zone characterized by a 150-kmdeep Benioff zone [Smith, 1971; Davey and Sinith, 1983; Reyners, 19893 that becomes nascent along the Puysegur ridge and trench [Ruff et al., 1989; Anderson and Webb, 19941 . The Solander Volcano (Figure 1 ) is the only quaternary andesitic volcano associated with this subduction [Rday, 19861. The purpose of this paper is to model the observed topography and gravity of the Puysegur ridgdtrench system in a region where trench-parallel fracture zones have been progressively underthrust (i.e., subducted) using a kinematic model for lithospheric thrusting that explicitly considers the flexural interaction between both the overriding and underriding plates.
Geodynamic Setting
The Macquarie Ridge Complex traverses a wedge of Cenozoic oceanic crust that lies south of Fiordland, New Zealand ( Figure 1 ). Oceanic spreading occurred in this region after the Cretaceous Tasman Sea oceanic crust and the western continental margin of the Campbell Plateau rifted [Sutherland, 19951. Initial Eocene spreading generated fracture zones perpendicular to the rifted margin [Weissel and Hayes, 1977; Kamp, 19861 . During the late Oligocene to early Miocene the fracture zones started to rotate clockwise i n conjunction with the southeastward migration of the PacificAustralian pole of rotation [ Walcott, 1978; Sutherland, 1995; Lamarche et al., 19971 . Segments of fracture zones created during the Neogene [Massell et al., 1995; Lamarche et al., 19971 formed parallel to the plate boundary and were offset by 330 km of dextral movement when the plate boundary became dominantly strike slip [Massell et al., 1995; Lainarche et al., 19971. Oblique northeastward subduction initiated beneath Fiordland about 10 Ma [Davey and Smith, 19831 and started to propagate southward along an oceanic fracture zone at approximately 5-10 Ma as a consequence of the westward migration of the pole of rotation [Collot et al., 1995bl . This subduction has resulted in the removal of about 350 km of crust. Christoffel and Van der Linden [1972] proposed that the downgoing slab is shaped like an "inverted plough," with virtually no subduction of crust along the southern Puysegur ridge. Collot et al. [ 1995133 demonstrated, however, that incipient underthrusting occurs at the western toe of the southem part of ridge and that strike slip motion occurs along its summit.
Along the northern part of the Puysegur trench, upper Eocene oceanic crust of the Australian plate has been subducted, whereas in the south, crust as young as mid Miocene has been subducted [Wood et al., 19961 . The maximum depth of the trench is located at 48"15'S and reaches -6200 m (Figure 2 ). The L'Atalante fracture zone is located due west of the plate boundary and can be traced from 50"20 'S [Cofsin et al., 19941 , where it coalesces with a strike slip segment of the plate boundary, to 48'45's where the fracture zone becomes buried by sediments [Collot et al., 1995bl. Between 49'45's and 48"45'S , the L'Atalante fracture zone i s located 17-30 km west of the Puysegur trench and trends subparallel to it (Figure 3 ). On the downgoing plate a clear flexural bulge due to the bending of the Australian plate west of the Puysegur trench cannot be distinguished in either the bathymetry or the free-air gravity data. Instead, where detailed bathymetry is available, we observe a gentle dip of the downgoing plate west of the L'Atalante fracture zone and a sharp increase in slope east of the, fracture zone (Figure 3 ). Trench-parallel normal faults that should form within the outer trench slope during the bending and upper-crustal brittle failure of the Australian plate are rare. Normal faults do appear, however, east of the L'Atalante fracture zone, and they become more numerous towards the north [Delteil et al., 19961.
The Puysegur ridge has a relief of nearly 6 km and an along-strike length of 350 km from 50'30's to 47"s where i t merges with the continental margin of New Zealand ( Figure  2 ). Using geophysical data, Collot et al. [1995b] suggested that the ridge consists mainly of deformed oceanic crust and ophiolite rocks. Basalts and serpentinites dredged from ridge scarps supports this interpretation [Sumnterhayes, 1969; Mortimer, 19951 . Swath bathymetric data indicate that the ridge broadens and deepens northward. The southern part of the ridge is less than 50 km wide, whereas in the north the width is 80 km (Figures 2 and 4) . The ridge summit i s dissected by the Puysegur strike slip fault that trends N26"E from 50"s to 48"s. The fault trace extends along a 1500-2000 m below sea level, 2-5 km wide axial valley flanked t o the east by the ridge summit and to the west by a secondary, deeper crest (Figure 4 , profiles 1 and 2). From 48"s northward, the strike slip fault splays into several branches bounding elongated, 3250 to 3800-m-deep 10 to 20-km-wide basins collectively termed the Puysegur trough [Delteil et al., 19961 (Figure 4, profiles 3, 4, and 5) . This trough trends
NlO"E, oblique to the N26"E direction of the Puysegur Fault and splits the ridge into two major summits. The tectonic origin of the Puysegur trough has remained controversial. During subduction initiation, transverse extension along the strike slip fault zone may have been responsible for the origin of the trough [Collot et al., 19941 . In this paper, we show that the trough formation could also have been influenced by the reactivation of a subducted fracture zone.
In the south thë summit of the ridge consists of discrete flat-topped segments, the southernmost of which is close t o sea level (-120 m) at 49"30'S and is interpreted to be the result of subaerial exposure and erosion [Collot et al., 1995bl . The ridge summit shows other individual flat tops that lie northward at progressively greater depth (-675 m at 48"50'S and -1800 m at 47'453; Figure 4) . The northward increase i n the depth of the ridge flat tops implies 1700 m of subsidence of the ridge. These morphostructural data together with earthquake focal mechanisms have been interpreted by Collot et al. [1995b] to be the result of differential uplift, subsidence, and trenchward collapse of a ridge that formed b y transpression along the plate boundary during subduction initiation. Where subduction is incipient, for example, in the southem Puysegur ridgekrench system, large horizontal stresses have induced subaerial exposure of the ridge. As this in-plane compression is released due to interplate decoupling (i.e., subduction), the ridge broadens and collapses (e.g., along the northern part of the Puysegur ridge). . Free-air gravity anomaly map of the Puysegur ridgehrench system determined using shipboard measurements and the satellite-derived gravity map [Sundwell and Smith, 19941 . Profiles 1-6 are presented on Figure 12 . Thick lines are major active fault zones and Cenozoic fracture zones. Thin line delimits the northern and southern domain of the ridge-trench system. Gravity contour interval is 10 mGal. 
Free-Air Gravity Anomalies Over the Puysegur Ridge and Trench
Free-air gravity anomalies associated with the Puysegur ridge and trench can be separated into two geographic domains based on their wavelength and amplitude characteristics. South of about. 48"s (the southern domain), there is a dipole relationship between the positive and negative gravity anomalies ( Figure 5 ). The minimum gravity value varies from -70 mGal at 49'30's to -180 In the northern domain where the ridge divides in two summits separated by the Puysegur trough, the free-air gravity is mainly negative, and both ridge summits and the trough are associated with a characteristic gravity anomaly. 
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Near 47'308 the free-air anomaly of the western summit i s approximately -40 mGal with the eastern summit showing a range from +30 to -30 mGal. Over the Puysegur trough, the free-air gravity reaches a minimum value of -110 mGal. This gravity low extends northward into the southern. margin of New Zealand. The elongation of the low is associated with a slight depression in the margin topography. The Puysegur trench free-air gravity anomaly over the northern domain has a smaller amplitude and width compared with the trench freeair gravity immediately south of 48"s.
Models of Lithospheric Flexure
In this paper we consider a mechanical model in which the Puysegur ridge is supported by the elastic strength of the down-flexured Australian plate. In particular, we use a twodimentional (2-D) kinematic model for lithospheric thrusting that explicitly considers the flexural interaction between both the overriding and underriding plates ( Figure 6 ). Flexural isostasy is calculated assuming elastic thin plate theory [e.g., G u m , 1943; Walcott, 19701. Inasmuch as the subduction i s incipient, that is, there is no slab pull, we consider that the deflection of the Australian plate along the Puysegur trench results from the vertical and horizontal loads emplaced during the overthrusting of the Pacific plate (Figure 7 ). In this model, while we can include the effects of the horizontal forces' that arise from the initiation of subduction, we find that these forces are minor compared to the vertical forces deforming the Australian and Pacific plates across the plate boundary.
The deflection of the lower plate w(x) in response t o overthrusting is given by the following differential equation for the flexure of an elastic plate overlying a fluid [e.g., . Tzircotte, 19791: where fload(x) is the crustal thickness of the upper plate, g i s the acceleration due to gravity, prit is the density of the material underlying the plate, pload is the load density Fracture zones in the underriding plate are simulated by a vertical discontinuity across which bending and shearing stresses cannot be supported. We calculate the bending and shearing stresses in a continuous plate and, at the location of the plate fracture or discontinuity, we apply an opposing bending moment and shearing force. Because ages of the oceanic crust and positions of the paleospreading centers on either side of the plate boundary are poorly constrained, we assume that the crustal and effective elastic thicknesses of the plate either side of the fracture zone is the same. The resulting free-air gravity associated with the modeled flexed system is calculated using the Fourier transform method of Parker [1972] . The free-air gravity is the resultant effect of density contrasts represented by the deformed surface and Moho topographies (relative to their undeformed configurations).
The modeled free-air gravity and topography depend on the density and thickness of the Australian and Pacific crusts. The crust on either side of the Puysegur ridge is oceanic, with the ridge summit lying below sea level. We used a crustal density of 2800 kg/m3, a water density of I030 kg/m3, and a mantle density of 3300 kg/m3. W e neglected the sediments infilling the trench because they are rather sparse in this region [Delteil et al., 19961 . The upward continuation distance of the crust/water interface is fixed at an average value of 4.5 k m , whereas the upward continuation value for the crust/mantle interface is fixed at an average value of 12.5 km.
We assume that the thickness of the Pacific crust defines the load applied to the Australian plate, increasing from O at the trench to a maximum value of noad beneath the ridge summit ( Figure 6 ). As will be shown later, the distance between the trench and the ridge summit (the ridge-trench distance) is an important parameter that partly controls the water depth of the Puysegur ridge. Where the ridge has two summits, the eastern one that shows evidence of wave-base erosion, and therefore was the main summit prior to subsidence, was chosen to define the ridge-trench distance. The ridge-trench distance along the Puysegur ridge varies from 30 km at 49'30's to 70 km at 47'00's ( Figure 4 ). As the Pacific crust is overthrust, the hanging wall collapses to form a wedge of crustal material that extends from the trench to the ridge summit. In general, the décollement has not been imaged and its dip is unknown. The inner trench slope shape is a function of both the collapsed shape of the hanging wall block and accretionary processes within the trench and frontal forearc crust. Along the northern Puysegur trench, the inner slope has been molded into a convex shape by tectonic erosion [Delteil et al., 19961 . Given these trench-modifying complexities, we assume that the thickness of the forearc wedge increases linearly from the trench to a maximum value of noad. By doing so, we are possibly underestimating the wedge load and thus the predicted ridge depth is a minimum (Figure 8) .
The maximum thickness of the crust east of the ridge summit is not known directly from marine geophysical measurements. We have chosen a thickness of 8 km because this value is typical of average oceanic crustal thicknesses [White et al., 19921 and provides a calculated topography that fits well with the observed. An error in the crustal thickness by a few kilometers may change the amplitude of the gravity anomaly by several tens of mGal ( Figure 9 and [Wood et al., 19961 , implying a range of effective elastic thicknesses from 15 to 24 k m , respectively.
Results: Modeling the Flexure of a Continuous Plate
To investigate the implications of subducting and reactivating fracture zones on the topography and gravity of a ridge-trench system, it is first necessary to model the response of a continuous plate to characterize the flexural For variation of fault position, fault westward of the trench, variation of summit depth and trench depth, reference is as model of Figure 9 , model 2.
*: Amplitude is calculated between the trench minimum and the western ridge summit. **: Wavelength is controlled by the fault position.
Abbreviation ref, model used as reference. Notice that bathymetric zero is set to the average depth of the Australian plate (usually around -4500 m); thus trench depth is negative and the ridge depth is positive.
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.. [,1995b ], the northward broadening and subsidence of the ridge is possibly related to the progressive onset of subduction along the ridge. Increasing the ridge-trench distance increases the wavelength of the free-air gravity but reduces both the amplitude of the gravity and the relief of the ridge (Figure loa) . When the ridge-trench distance increases from 30 to 50 km the ridge summit subsides by 500 m (Table 1) . This value is similar t o the 600 m of subsidence interpreted along the southern part of the ridge. For a ridge-trench distance of approximately 70 k m (that observed for the northern part of the Puysegur ridge; Figure 4) , the predicted subsidence of the ridge is 900 m. This calculated subsidence accounts for only part of the 1700 m subsidence interpreted along the northern part of the ridge.
The modeled elastic thickness of the downgoing plate increases northward, consistent with the increase in age of the Australian plate. Increasing the elastic thickness of the subducting plate increases slightly the wavelength and amplitude of the free-air gravity in addition to the relief of the ridge (Figure lob and Table 1 ). Thus increasing Te partially counterbalances the subsidence effect associated with the ridge broadening. However, the Te of the underriding crust beneath a fixed point of the ridge may have varied with time, thus counterbalancing or favoring ridge subsidence. For example, Te of the underriding plate may have decreased beneath the ridge because progressively younger crust was being subducted (Figure 11 ). For crustal ages between 10 and 40 Ma, a +/-2-km error in Te corresponds to an age variation of about +/-6 Ma [Bodiize et al., 19811. Such an error in Te translates into a 200-m variation in the calculated depth of the ridge summit. An estimate of the age variation of the underriding crust can be obtained using the AustralianIPacific finite rotation parameters given by Sutherland [ 19951. We calculated an average 32 kmlMa convergence rate and an average N45" plate convergent direction during the last 10 m.y. Considering these results and that the trend of the magnetic anomalies of the underriding crust is highly oblique to the trench, we estimate that the age variation of the underriding crust beneath the ridge did not exceed 1 0 m.y.
This maximum age variation implies a -100-m error on the calculated ridge depth. From our modeling we conclude that with a continuous plate the maximum subsidence of the ridge due to variations of the shape of the overriding plate and the elastic thickness (Te) of the underriding plate accounts for a total subsidence of 900 m +/-lo0 m.
The continuous plate model presented above does not satisfactorily explain the evolution of the topography and gravity anomalies along the Puysegur ridgdtrench system, that is, it is difficult to explain the observed 1700-m subsidence of the ridge. However, we believe that the Te and ridge-trench distance values used in this modeling are realistic. We will now consider flexure models in which fracture zones within the underriding plate can be reactivated in response to relieving bending stresses (Figures. 12 and 13 and MP in Table 2 ). To investigate the importance of fracture zones on the subduction process, we have constructed six profiles along the ridge-trench system (Figure 14 ). We will compare the plate-fracture models with topographic and gravity sections from across the Puysegur ridge/trench system. The reference models take into account the concurrent northward increase of the elastic thickness and ridge-trench distance along the ridge described earlier (Table 2 ). 
Fault Reactivation: Loading a Plate With Fracture Zones

Effect of Fracture Zones Within the Outer T r e n c h Slope
The reactivation of fracture zones as they migrate through the flexural outer bulge of a trench system modifies the topography and free-air gravity anomaly of both the bulge and the trench but does not significantly change the ridge topography and free-air gravity (Figure 12 ). Modeling parameters and calculation results are presented in Table 1 .
When the fracture zone lies near the location of the maximum outer bulge development (Figure 12 , sections 1 and 2), the fracture zone is reactivated to produce a west facing fault and the bulge topography is significantly modified. In particular, the undemding plate is undeformed (i.e., retumed to its unflexed equilibrium configuration) west of the fracture zone, while east of the modeled fracture zone, a short-wavelength topographic high is produced as part of the trench topography ( Figure 12, section 2) . The form of this topography is produced because of the release of bending stresses and the elastic readjustment of the plate as loads are isolated to the eastem part of the plate. The corresponding modeled gravity shows a 40 mGal amplitude high across the bulge escarpment (Figure 12 ). When the fracture zone i s closer to the trench, the bulge topographic high begins to diminish and eventually disappears due to the progressive loading of the underriding plate by the tip of the overriding plate ( Figure 12, section 3) . Within approximately 15 km of the trench, the motion along the reactivated fracture zone reverses and the fault escarpment faces the trench (Figure 1 2 ,  section 4) . The corresponding gravity gradient is marked by a sharp increase, the wavelength of which does not represent the actual flexural strength of the underriding plate. For all modeled positions of the fracture zone, the free-air gravity gradient on the outer trench slope is stronger than in the reference model (compare sections 1 and 4 of Figure 12 ), with its wavelength and amplitude decreasing as the trench i s approached.
To illustrate the general applicability of our fracture zone reactivation model, we compare three bathymetric and gravity profiles from across the southem part of the Puysegur ridgdtrench system (profiles 1 to 3, Figure 14 ) with their modeled counterparts. Profiles 1 and 2 were chosen to transect the flat-topped summit of the Puysegur ridge and the L'Atalante fracture zone, while profile 3 was selected t o traverse the trench at its maximum depth of -6200 m. At the latitude of profile 1, the modeled fault generates a slope break that mimics the L'Atalante fracture zone topography. The absence of normal faults on the outer trench slope at this latitude is compatible with the relaxation of the bending stresses across the fracture zone. The modeled fault induces a sharp increase of the outer trench slope gravity gradient while reducing both the wavelength and amplitude of the modeled negative gravity anomaly, consistent with the observed freeair gravity anomaly associated with the L'Atalante fracture zone (Figure 14 , profile 1 and Table 2 ).
At the latitudes of profiles 2 and 3 the modeled fault i s located farther seaward of the trench. For profile 3 we have estimated the position of the L'Atalante fracture zone located 55 km seaward from the trench. It is necessary to estimate the position of the fracture zone because of the lack 6f detailed bathymetry data in this area ( Figures. 2 and 14, profil  3) . The narrow gravity high predicted trenchward of the fault is not observed in the gravity data ( Figure 5 ). This discrepancy can be explain hy variations in both the elastic thickness of the underriding plate (Te) and the thickness of the overriding plate (noad). We.used the same parameters as for profile 2 (Table 2) where the fault is located 35 k m seaward from the trench, thus creating a 500-m-high topographic high. We found that a variation of f 2 km of Te changes the elevation of the high by 250 m. Similarly, a variation of 1 km of n o a d changes the elevation of the high by 200 m. Amplitude and wavelength are not significantly modified. Thus, underestimating either Te andor n o a d , may explain the lack of this topographic high. In terms of the predicted gravity response, it is possible that the fracture zone gravity anomaly is masked by the gravity signature of nearby volcanoes, similar to those mapped in the region of profile 2 (Figure 3) . Nevertheless, the slope break observed across the outer trench slope in profile 2 and the corresponding sharp increase in gravity gradient observed i n both profiles 2 and 3 suggest that the L'Atalante fracture zone has been reactivated as predicted by the models and therefore extends northward to at least the latitude of profile 3 ( Figure  14 , profiles 2 and 3 and Table 2 ). Our model predicts a 40-km increase in the wavelength of the negative gravity anomaly between profiles 1 (35 km) and 3 (75 km), a value that is close to the observed 38 k m increase of gravity wavelength (Table 2) . Along profile 1 the calculated peak-to-peak amplitude of the gravity anomaly associated with the ridge and trench matches the observed values within 10 mGal. For profiles 2 and 3 the predicted peak to peak amplitudes do not match the observed as well.
We believe that these discrepancies are primarily related t o l o c a thickening of the ridge related to minor crustal thickness variations of the overriding plate. We conclude that the northward increase of the negative gravity wavelength and amplitude and the strong topographic and gravity gradients across the outer trench slope is a consequence of the flexural reactivation of the L'Atalante fracture zone. As such, this major fracture zone appears to structurally control the Puysegur trench morphology and gravity anomaly. 
Effect of Subducted Fracture Zones Within the Forearc ,
Previously, we investigated the effect of fracture zone reactivation as they approached the trench. However, the actual subduction of a fracture zone could modify the topography and gravity anomaly of the forearc region within the overriding plate. Figure 13 shows three different static situations for which the modification of the topography and gravity in the forearc region is due to reactivation of a subducted fracture zone. Our modeling indicates that the reactivation of a subducted fracture zones alters drastically the morphology and free-air gravity anomaly of a ridge-trench system. As before, modeling parameters and calculation results are presented in Table 1 .
The first-order effect of subducting and reactivating a fracture zone is to segment the load of the overriding plate, thereby reducing the undemding plate deformation as represented by the trench bathymetry ( Figure 13 ). This process induces differential vertical motion in the overriding plate leading to the formation of two topographic summits separated by a trough located above the underthrust fracture zone. The amount of vertical offset and modification to the modeled free-air gravity is function of the fracture zone position relative to the trench. Decreasing the amount of subduction results in shallowing the trench and in increasing the relief between the two summits on the overriding plate ( Figure 13, section, 1) . The free-air gravity of the trench changes dramatically in amplitude and wavelength with the gravity effect of the flexural bulge virtually disappearing. When the distance between the subducted fracture zone and the trench equals the ridge-trench distance ( Figure 13, section 3) , then the eastern and westem summits coalesce into a summit characterized by a steep eastern escarpment and gravity gradient. We compare three bathymetric and gravity profiles across the northern part of the Puysegur ridgekrench system (profiles 4 to 6 in Figure 14 and Table 2 ) with superposed modeled topography and gravity obtained using the parameters defined in Table 2 . These profiles were selected t o sample the regional features of the ridge-trench system (and E a subducted fracture zone beneath the ridge at a distance equal to the observed ridge-trench distance.
Farther north, profile 5 (Figure 14) shows that the Puysegur ridge consists of two, deep summits separated by a trough that is 10 km wide containing approximately 1 k m U h of sediment. The eastern summit of the ridge is flat. Relative to profile 4, the trench is shallower and its free-air gravity wavelength and amplitude are reduced. The free-air gravity associated with the two summits is symmetrical with respect to the trough. We model these observations by introducing a reactivated subducted fracture zone beneath the ridge midway between the trench and the eastern ridge summit. The modeled depth of the trough agrees well with the observed depth (Table  2) . However, the calculated gravity over the ridge is too high relative to the observed, and we believe that the adjacent passive margin (the Campbell Plateau) is influencing the Figure 12 . Schematic showing the first-order effects of reactivating fracture zones on the outer trench slope. The flexural bulge is suppressed by relieving the bending stresses of the flexed plate and creating topographic relief between the fracture zone and the trench. The trench free-air gravity anomaly wavelength and amplitude are correspondingly reduced.
the Puysegur Fault) while avoiding local structural complexities. Profile 4 traverses the single-crested Puysegur ridge, profile 5 traverses the double-crested ridge, and profile 6 traverses the southern tip of the New Zealand continental margin where a double-peak free-air gravity anomaly i s observed.
At the latitude of profile 4 ( Figure 14) the Puysegur Fault extends along the eastern flank of the ridge summit and i s marked by an escarpment that is associated with a relatively sharp change in gravity gradient. At this latitude, both the depth of the trench and the free-air gravity anomaly wavelength and amplitude are reduced significantly compared with profile 3. We have modeled these features by introducing (UnFaulted) give results for models with the same characteristics than those referred in MP lines, except for the absence of a fault and are used as reference models. For P lines, depth is as observed; however, to compare the "central trough" depth with the calculated one, it is necessary to add at least 1 km due to the presence of sediments in the Puysegur trough (Figure 4) . For MP and UF lines, bathymetric zero is set to the average depth of the AUS plate (usually around -4500 m). Thus trench.depth is negative and the ridge depth is positive.
*: Wavelength is controlled by the fault position.
**: Amplitude is calculated between the trench minimum and the ridge maximum.
***: Amplitude is calculated between the western.summit maximum and the trough minimum.
..... .
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Northern domain form of the gravity anomaly. We will investigate this hypothesis further in the next section. Reactivating a subducted fracture zone within the underthrust plate also induces ridge subsidence that can be quantified. Including a subducted fracture zone in modeling profile 5 indicates that the eastem summit of the ridge lies about 850 m deeper compared with the equivalent continuous, unfaulted model (Table 2) . Therefore the observed 1700-m subsidence of the Puysegur ridge at 47'30's can be matched by adding the effect of reactivating the subducted fracture zone t o the 900 m subsidence calculated as a result of both the ridge broadening and the decrease in plate age being subducted.
For profile 6 (Figure 14) there is no clear morphological trough within the ridge, but the gravity anomaly shows two peaks separated by a 40-mGal low. In modeling this situation we can fit the general free-air gravity wavelength, although the amplitude of the gravity low is too large. A problem also exists with our prediction of an intraridge trough of 2-3 km. We suggest that the trough is filled with sediments, thus explaining the mismatch between the observed and predicted topography and perhaps explaining the low-amplitude gravity anomaly in this region.
In conclusion, our modeling is consistent with the concept that fracture zones on the Australian plate that have been subduckd and reactivated beneath the northern part of the Puysegur ridge can modify significantly the morphology of the forearc region. Although our simple kinematic and flexure model does not account for the fault valleys associated with major strike slip fault system (i.e., that of the Macquarie Ridge Complex [ CofSin et al., 1994; Frohlich et al., 1997] ), this model does account for the double-crested ridge and intervening trough in addition to enhancing th: subsidence of the Puysegur ridge. From 48"s northward, shallowing of the trench and associated decrease in the gravity wavelength are clearly compatible with a subducted fracture zone that i s closer to the trench in tlv north than in the south. This interpretation requires that the subducted fracture zone trends slightly oblique to the trench and approximately follows the direction of the Puysegur trough.
Gravity Effect of the Campbell Plateau Margin
The free-air gravity anomalies over the northem part of the Puysegur ridge are mainly negative ( Figure 5 ). These momdies are abnormally low when compared to both the southern part of the ridge (Figure 14 , profiles 1-3) and our model for profile 5 (Figure 14 profile 5). One possibility t o account for this observation is an increased coupling between the underriding and overriding plates. A stronger coupling would increase bending of the overriding plate resulting in a lower gravity anomaly over the ridge.
Altematively, the free-air gravity over the northern part of the Puysegur ridge could be influenced by the adjacent continental margins of the southern tip of New Zealand and the Campbell Plateau ( Figures. 1 and 14) . A continental margin usually has a gravity signature characterized by a positive anomaly landward and a negative anomaly seaward, termed the gravity "edge effect." It is thus possible that the negative of this edge effect is contributing to the ''excess'' negative gravity anomaly of the northem Puysegur ridge. To test this hypothesis, we calculated the gravity effect of the Campbell plateau margin assuming an Airy model of isostasy and removed this gravity effect from the observed free-air gravity anomaly (Figure 15) . The gravity edge effect g(x) was calculated using an admittance function approach in which the Fourier transform of the gravity edge effect G(k) is given by (2)
where N(k) is the Fourier transform of the margin topography h(x) (in this case, the Campbell plateau), k is the wave number of the topography, G is the universal gravitational constant, d is the upward continuation distance of the bathymetry, and is the upward continuation distance of the Moho topography. The resulting anomaly above the ridge is reduced by about 30 mGal (Figure 15, profile 3) . Although largely reduced, the predicted anomaly reaches +30 mGal, a value that is still larger than the observed -20 mGal. This discrepancy can result from a 3-D contribution to the gravity from the adjacent continental margin of New Zealand andor an underestimation of the gravity effect of the Campbell Plateau passive margin; few data are available in this area to constrain its crustal structure. Consequently, we conclude that the negative gravity anomaly associated with the northem part of the Puysegur ridge appears to be mainly related to the adjacent passive margin rather than the subduction process.
Geodynamic Implications
Reconstruction of a Fracture Zone Responsible for the Northern Puysegur Ridge Deformation
Our gravity modeling suggests that the subducted fracture zone trend is slightly oblique to the trench and has a limited geographic distribution. The effects of the reactivation of the [Massell et al., 19951 restores the continuity of the L'Atalante fracture zone across the plate boundary (thick line on Figure 16 ). This reconstruction indicates that the fracture zones that lay to the east of the L'Atalante fracture zone but on the Pacific plate must have had equivalents on the Australian plate. These fracture zone "ghosts" were likely subducted northeastward at the Puysegur trench. One of these fracture zones appears to be responsible for the forearc deformation of the northern part of the Puysegur ridge (Figure 16 ).
Strain Partitioning, Terrane Generation, and Tectonic Erosion
Our analysis has shown that the reactivation of favorably oriented fracture zones is a viable mechanism for deforming the outer bulge and the forearc region of the Puysegur ridgekrench system and thus an important mechanism for modifying convergent margins. Along obliquely convergent margins, reactivating trench-parallel subducted fracture zones may be critical to horizontal strain partitioning, that is, t o the development or vertical reactivation of major strike 'slip faults in the upper plate. Usually, such faults appear in a zone of weakness of the upper plate along or close to a center of active volcanism [Fitch, 19721. In particular, the Puysegur Fault that extends along the summit of the Puysegur ridge trends N26"E and has been interpreted as a possible segment of the strike slip plate boundary before the initiation of subduction [Collot et al., 1995bl . Following the subduction of a fracture zone on the Australian plate beneath the northern part of the ridge, the corresponding segment of the strike slip Puysegur Fault may have undergone vertical adjustments. The resulting N1O"E trending Puysegur trough is the best surface expression of the subducted fracture zone. Vertical tectonics induced by reactivating a subducted fracture zone is a process that contributes to the formation and isolation of narrow elongated terranes along obliquely convergent margins.
The escarpment that has been created in the underriding plate beneath the ridge is expected to generate strong basal tectonic erosion (Figure 17) . Calculations indicate that this scarp, which can be as high as 3 km (Table 2) , is produced because of the partitioning of the overriding plate load as the fracture zone reaches a sufficient depth beneath the ridge to b e vertically reactivated. This depth depends on the friction resistance along the fracture zone and the strength of the overriding plate. Conceptually, in a dynamic situation i n which a fracture zone is progressively subducted, the related vertical deformation in the upper plate will not evolve from model 1 to model 3 of Figure 13 but will initiate as predicted by one of these models. This vertical deformation requires either to break the upper plate or to reactivate a favorably oriented preexisting fault (e.g., the Puysegur Fault). The resistance of the underriding plate escarpment to ongoing subduction will be strong; thereby it will increase the coupling between the underriding and overriding plates. Because the wedge of upper plate that faces the scarp has been severely tectonized by the subduction process, this wedge can be sheared off and then subducted to greater depth. This transportation will facilitate scarp subduction and will eventually thin the edge of the upper plate by basal tectonic erosion. This process should induce tectonic readjustments in the upper plate making the overlying trough unstable.
.
Conclusions
Recent geophysical investigations of the Puysegur ridgekrench systemhlacquarie Ridge Complex provide an excellent opportunity to assess the mechanical implications of subducting trench-parallel fracture zones on the topography and free-air gravity anomaly of the trench and forearc regions using 2-D flexural isostatic models. Reactivating a trench parallel fracture zone that lies a few kilometers seaward from a trench implies a release of the flexural stresses in the downgoing plate. Seaward from the fracture zone, the outer bulge flattens, whereas the slope and the free-air gravity anomaly gradient of the trench outer slope increase. We conclude that the position of the L'Atalante fracture zone with respect to the Puysegur trench controls the Figure 17 . The scarp that has been created in the underriding plate beneath the ridge is expected to generate tectonic erosion of the base of the upper plate because it will oppose ongoing subduction. morphology of the trench as well as the wavelength and amplitude of the corresponding free-air gravity anomaly.
The subduction and reactivation of a trench parallel fracture zone significantly modifies the topography and free air anomaly of the Puysegur ridgekrench system. Reactivating an underthrusted .fracture zone reduces the flexure of the shallow part of the underriding plate. That process diminishes the trench depth and consequently reduces the trench free-air gravity anomaly amplitude and wavelength. The deeper part of the underriding plate subsides to accommodate the isostatic compensation. These vertical movements induce tectonic stresses in the upper plate that could break it or alternatively reactivate preexisting faults as, for example, the northern segment of the strike slip fault along the Puysegur ridge. Further, these vertical motions result in the uplift of the trenchward part of the ridge, and subsidence of the underriding plate, thereby creating the deep Puysegur trough within the ridge above the underthrust fracture zone. Including the effect of an underthrust fracture zone in our model for the Puysegur ridgehrench system, in addition to the effects of the shape of the Puysegur ridge and variations of the elastic thickness of the Australian plate, explains the subsidence of the eastern part of the ridge and the variation of the free-air 'gravity anomaly over the trench and the ridge. The existence of a fracture zone beneath the ridge is supported by our kinematic reconstruction of the area.
We speculate that reactivating an underthrust fracture zone can facilitate the development of faults in the upper plate that help to accommodate strain partitioning in cases of oblique subduction and thus is conducive to the formation, isolation, and dispersion of elongated terranes. Finally, subducted and reactivated fracture zone will develop a scarp at the base of the upper plate crust that could be responsible for important basal tectonic erosion. Thus trench parallel fracture zones are vertical discontinuities in the oceanic crust that can lead t o important margin disruption when subducted. ' 
